The pervasive effects of invasive ecosystem engineers, that is those species that modify their environment, are well documented, but rarely have the broader impacts of one foundation invertebrate species being replaced by another been examined. In New Zealand, green-lipped mussels, Perna canaliculus, commonly dominate wave-exposed rocky shores. The recent appearance of an invasive ecosystem engineer, the ascidian Pyura doppelgangera, at the very northern tip of New Zealand now threatens to exclude these bivalves from this habitat. Here, we report major shifts in assemblages associated with the invader and chronicle its continued spread. We examined epibiota associated with clumps of mussels and clumps of Pyura from two rocky shore habitats-pools and emergent substrata at two locations. We detected some differences in species richness in biota associated with the two foundation species, but faunal abundance only differed between the locations. These minor changes were dwarfed by the shift in species composition within clumps of each foundation species. Molluscs, particularly gastropods, and crustaceans dominated the assemblage within mussels. In contrast, tubicolous polychaetes dominated the fauna associated with the ascidian. Sessile epifauna, notably barnacles and calcareous tube-dwelling polychaetes, were common on mussels, but never encountered on the ascidian. Multivariate analysis revealed marked dissimilarity (>80%) between the characteristic mussel and ascidian faunas with virtually no overlap. This biotic shift overshadowed any differences between habitats and locations. The broader implications of these faunal shifts for local and regional patterns of biodiversity, as well as ecosystem function, remain unclear, but deserve further attention.
the fauna associated with the ascidian. Sessile epifauna, notably barnacles 48 and calcareous tube-dwelling polychaetes were common on mussels, but 49 never encountered on the ascidian. Multivariate analysis revealed marked 50 dissimilarity (>80%) between the characteristic mussel and ascidian faunas 51 with virtually no overlap. This biotic shift overshadowed any differences 52 between habitats or locations. The broader implications of these faunal shifts 53 for local and regional patterns of biodiversity, as well as ecosystem function 54 remain unclear, but deserve further attention. As ecosystem engineers modify the system of which they are a part, changes 72 in their abundance or their loss from a system often have pervasive effects 73 (Jones et al. 1994 ). These changes may in turn ripple through the trophic 74 levels in an ecosystem (Crooks 2002) . Introduced taxa may assume this 75 engineering role, providing habitat structure where previously it was lacking 76 (e.g., Heiman et al. 2008) . For example, the appearance of an invasive 77 ascidian on the rocky shores of northern Chile has extended the distribution of 78 invertebrates into the mid-intertidal zone thereby increasing rocky shore 79 diversity (Castilla et al. 2004) . 80 81 While the addition of structure-forming species and the positive effects on 82 biodiversity and abundance has received considerable attention (Jones et al. 83 2010), the repercussions of replacing one foundation species with another 84 have seldom been explored, at least among animals. These affects on 85 biodiversity are important as an understanding of ecological pattern is the 86 precursor to exploring the underlying processes (Underwood et al. 2000) and 87
has implications for the successful management of invaders. The appearance 88 of an ascidian invader in northern New Zealand presented an opportunity to 89 explore the biotic consequences of changing foundation species in the lower 90 intertidal zone of temperate rocky shores. A large clump-forming intertidal 91 ascidian was first observed in the remote northern tip of New Zealand in 2007 92 (Hayward and Morley 2009) . It was initially identified as Pyura praeputialis, 93 the common intertidal ascidian of south-eastern Australia. Molecular 94 approaches and morphological examination have now confirmed that it is a 95 member of a southern hemisphere species complex comprising at least 5 96 species. Now identified as Pyura doppelgangera Rius and Teske (2013) , in 97 recognition of its propensity to closely resemble another -a doppelganger -its 98 native habitat is the southern shores of Bass Strait (i.e., the northern 99
Tasmanian coast) in southern Australia. 100
101
Hayward and Morley (2009) suggested that P. dopplegangera had been 102 present in northern New Zealand for at least 10 years. They correctly 103 recognised that P. dopplegangera was an aggressive occupier of space and 104 saw the potential for this species to become a major zone-forming species on 105 the rocky intertidal shores of New Zealand. It has now been recorded at more 106 than 22 locations in northern New Zealand (Jones et al. 2012 ; and author's 107 pers. obs.) and continues to invade suitable habitat to the south of its current 108 range; on occasions forming thick bands on the lower shore (authors' pers. 109 obs.). The appearance of this invader is also of concern to the local 110 indigenous (Maori) people as it has the potential to threaten the abundance of 111 kaimoana (seafood) and the cultural, recreational and commercial values of 112 New Zealand seashores. 113
114
The nature of ecological interactions is often context-dependent with 115 contrasting ecological pattern and processes operating in differing habitats 116 (Lubchenco 1978; Gribben et al. 2013) . Indeed, much of our understanding of 117 marine ecological processes is dominated by early studies undertaken on 118 emergent substrataareas of rocky shore exposed at low tide. Here, we 119 sought to explore how changes in foundation species affected the associated 120 organisms in two distinct intertidal habitats; emergent substrata and shallow 121 intertidal pools. While pools exhibit lower amplitude abiotic fluctuations, they 122 often exhibit large spatial variation in community structure owing to the 123 features associated with individual pools (reviewed by Metaxas and Scheibling 1993). Rock pools also often support greater species richness 125 (Firth et al. 2013) and more intense biotic relationships would be expected. 126
127
Here we assess the community-wide outcome of a shift from one ecosystem 128 engineer (the habitat-forming mussel Perna canaliculus, Gmelin) to another 129 filter-feeding ecosystem engineer (the habitat-forming ascidian Pyura 130 doppelgangera, Rius and Teske). Clearly it would be unethical to introduce 131 this invader to new locations; hence we have relied on a correlative approach. 132
Given differences in the substratum they present (a hard calcareous shell for 133 the mussel and a 'rubbery' proteinaceous tunic for the ascidian) we 134 anticipated shifts in associated fauna. We predicted that species reliant on 135 hard surfaces such as calcareous tubeworms, barnacles and perhaps algal 136 species would be strongly negatively affected by the appearance of the 137 invader, while taxa using the interstices between clump-forming individuals 138 would not change. 139
140

METHODS 141
Study locations and experimental design 142
Our focus was on biodiversity associated with the two habitat forming species 143 the ascidian Pyura doppelgangera (Pyura hereafter) and the green-lipped 144 mussel Perna canaliculus (Perna hereafter). We sampled at two reef locations 145 in Northland, on New Zealand's wave exposed western coastline. Shipwreck 146 Bay (35° 10' 37"S, 173° 7' 57"E) at the southern end of Ninety Mile Beach, 147
and Tauroa Peninsula (35° 10' 8"S, 173° 6' 32"E) several km further to the 148 west ( Fig. 1) . Pyura doppelgangera was well established at these locations 149 having been first observed there in 2009 (MPI, pers. comm.). However, Pyura 150 did not form extensive sheets at these locations, as seen at some sites further 151 to the north ( Fig. 2a ) but formed patches that were generally intermingled with 152 clumps of mussels ( Fig. 2b) . 153
154
We sampled within two habitats at the same tidal height, ≈0.2m; shallow pools 155 and emergent substrata (i.e., rock exposed at low tide). In each habitat at 156 each location we removed a 10 x10 cm patch of the mussel and the ascidian foundation species occurred ( Fig. 2b) ; an appropriate 'ecological' quadrat size 159 (Krebs, 1989) . A total of 40 samples were collected, frozen within 2 hrs of 160 collection and returned to the lab for later analyses. 161
162
In the laboratory, samples were defrosted and clumps of mussels or ascidians 163
were pulled apart and washed over a 0.5 mm sieve. Individuals from clumps 164 were measured and then carefully examined to ensure that all epibiota had 165 been dislodged. The dislodged fauna was enumerated and identified to the 166 lowest taxonomic level possible. The presence of epiflora (e.g., coralline 167 algae) and sessile fauna (e.g., barnacles and calcareous tubeworms) on the 168 valves of the mussels and test of Pyura was also noted and converted to the 169 proportion of individuals in each the clump bearing these epibiota. 170 171
Statistical analyses 172
We used univariate approaches to assess differences in total species 173 richness and the abundance of motile taxa as well as the responses of some 174 individual taxa to the factors of interest. We used a three factor ANOVA; 175
Location (random with two levels; Shipwreck Bay and Tauroa Peninsula), 176
Habitat (fixed with two levels; pools and emergent substrata) Taxon (fixed with 177 two levels; Pyura and Perna). Prior to analyses, data were assessed visually 178 for normality and a Cochran's C test used to confirm that variances were 179 homogenous. Where differences were detected we used SNK tests for post-180 hoc pair-wise comparisons (GMAV5, University of Sydney). Data were 181 transformed when required and where appropriate data were pooled in the 182 ANOVA following the pooling procedures outlined by Underwood (1997) . 183
Percentage data were arcsin transformed. 184
185
The entire data set was also examined using PERMANOVA, based on Bray 186
Curtis dissimilarity measures (Primer V7). The factors considered were the 187 same as in the univariate analysis above. Data were visualised with an nMDS 188 ordination plot. We also examined the contributions of various taxa to 189 dissimilarity between factors with a SIMPER analysis and report outcomes for 190 taxa that contributed more than 5% to the overall dissimilarity. 191
RESULTS 193
A total of 54 taxa were recorded from within clumps of Pyura and the mussel 194
Perna; this included 7 alga species, 21 mollusc species and 5 decapod 195 species. These estimates of species richness were biased low as we were 196 forced to group some taxa which were difficult to distinguish given their size 197 (e.g., chitons in the family Acanthochitonidae and some species of errant 198 polychaetes). Differences in the species richness of the fauna and flora 199 associated with clumps of the invasive Pyura and the native Perna were 200 variable, but not marked ( Fig. 3) ; these differences were complex as revealed 201 by a three-way interaction in the ANOVA (F 1,32 =4.91 P=0.034, Table 1) . 202
Posthoc testing confirmed that the only significant difference in species 203 richness between Pyura and Perna was in pools at Shipwreck Bay where 204 diversity was more than 50% higher among mussels. No other significant 205 difference in the diversity of associated fauna was apparent for the two 206 foundation species. 207
208
The abundance of associated fauna ranged from an average of almost 33 209 individuals per clump to more than 65 individuals per clump ( Fig. 3 ). Location 210 was the only factor that was significant in the analysis, despite the 211 considerable range in abundance observed. ANOVA confirmed that the 212 abundance of associated fauna was significantly higher at Shipwreck Bay 213 than Tauroa (F 1,32 =5.21 P=0.03, Table 1 ). We observed that abundance was 214 lower in pools when compared to emergent substrata, but these effects were 215 not significant. Furthermore, no significant interactions were apparent. 216 217 Stark shifts in community structure were apparent between fauna associated 218
with Perna and those with the Pyura. Molluscs and decapod crustaceans 219 dominated the assemblage associated with the native mussel, Perna. These 220 abundance of these taxa constituted between 55% and 85% of the fauna 221 within clumps of Perna on average, but just 20% to 50% of the fauna 222 associated with Pyura (Fig. 4A ); a highly statistically significant effect 223 (F 1,33 =57.9 P<0.0001, Table 2 ). 224
Polychaetes dominated the fauna associated with Pyura; they constituted 226 35% to more than 50% of the total abundance. In contrast, they did not 227 comprise more than 10% of the abundance of the fauna sampled from Perna 228 (Fig, 4B ). These differences in abundance were also highly statistically 229 significant (F 1,33 =120.1 P<0.0001, Table 2 ). Sipunculids were another taxon 230 commonly associated with Pyura, but they were never observed in the clumps 231 of Perna ( Fig 5) . The sipunculid data violated the normality assumption of 232 ANOVA and were not analysed. The multivariate analysis further underscored the community-wide shifts 244 highlighted by the univariate analyses. nMDS showed very clear separation 245 between fauna associated with the two foundation taxa, while there was 246 considerable overlap between the two habitats for each taxon (Fig. 7) . The 247 PERMANOVA revealed a significant 3-way interaction among the factors 248 (Pseudo-F 1, 32 = 2.914 P=0.005, Table 4 ). Our interpretation did not change 249 irrespective of whether the PERMANOVA was on untransformed or 250 transformed (presence-absence) data. Some tests had low numbers of unique 251 permutations and should be regarded with caution (Table 4 ). The Perna-252 associated and Pyura-associated assemblages showed a high level of 253 dissimilarity (82.4%). Of the six species contributing more than 5% to this 254 overall dissimilarity three were molluscs and two were polychaetes, although 255 one of the later was lumped from several taxa (Table 5) . on the invasive Pyura praeputialis in Chile. We had also predicted that algal 281 species would be absent or present in low abundance on Pyura given the 282 assumed difficulty in attaching to the softer test of this ascidian. We found no 283 evidence in support of this notion, at least for coralline algae; Corallina 284 officinalis was more commonly associated with the Pyura than Perna, 285 irrespective of the habitat examined. The presence of C. officinalis on Pyura 286 suggested that attachment was not an issue, but protection from desiccation 287 may drive the abundance of the alga on this ascidian. assessed can also modify interpretation. For example, it has been suggested 334 that a mosaic of invaded and non-invaded patches can increase regional 335 diversity (Byers 2002) . At most invaded locations, Pyura currently creates a 336 mosaic of patches in which mussels and ascidians co-exist. We expect that 337 this pattern will likely increase diversity at the landscape scale. There were 338 exceptions, with some locations exhibiting monocultures of the invader (e.g., 339
Twilight Beach Fig. 2A ). We also note that Pyura can form extensive beds that 340 persist for time scales exceeding decades (e.g. in the case of P. praeputialis, 341 The presence of recruits indicates that this invader has developed self-348 sustaining populations (authors' pers. obs.). Moreover, Pyura recruits were 349 not only present among ascidian clumps, they were also apparent in small 350 numbers among mussels; this may facilitate biotic replacement. Second, The third reason for concern, and very importantly, Pyura appears to be 362 tolerant of extremely wave-sheltered environments deep within natural 363 harbours. This stands in contrast with its congener P. praeputialis that is 364 restricted to wave-swept rock platforms in southern and southeastern 365
Australia southwards, it appears to readily outcompete mussels for space on the 388 intertidal zone and is quite at home on sheltered as well as wave-exposed 389 rocky shores. The role of predators is curbing it's spread is currently unknown. 390
The continued spread of Pyura has implications for cultural and recreational 391 harvest of intertidal mussels as well as the wild-caught mussel-spat industry doppelgangera to support regional response decisions. Prepared for and an invasive ascidian (Pyura doppelgangera) on two rocky shore habitats at two locations in northern New Zealand.
Factors and replication are the same as those presented in 
